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RAPID RESEARCH LETTERSensing up to 40 atm Using Pressure-Sensitive Aero-GaNMircea Dragoman, Vladimir Ciobanu, Sindu Shree, Daniela Dragoman, Tudor Braniste,
Simion Raevschi, Adrian Dinescu, Andrei Sarua, Yogendra K. Mishra, Nicola Pugno,
Rainer Adelung, and Ion Tiginyanu*This work reports on the fabrication and characterization of a robust pressure
sensor based on aero-GaN. The ultraporous aeromaterial consists of GaN
interconnected hollow micro-tetrapods with the wall thickness of about
70 nm. The inner surface of hollow micro-tetrapods contains an ultrathin film
of ZnO genetically related to the sacrificial template used for epitaxial
deposition of GaN. The pressure sensing measurements disclose a nearly
linear dependence of the electrical conductance versus applied pressure up
to 40 atm, a stable state signal being attained after an interval of about 10 s.Aeromaterials, such as aerogels, represent three-dimensional
ultra-lightweight extra-porous materials formed by randomly
distributed networks of nanostructures having different sizes
and shapes, such as nanowires, nanotubes, or nanosheets.[1]
There is a rather limited number of materials that can be
prepared as aeromaterials, but this number is continuously
increasing, especially for carbon-based nanomaterials, such as
carbon nanotubes, graphene, aerographite, etc.[2–5] This tremen-
dous development of aeromaterials is related to an impressive
number of applications in energy storage and conversion (e.g.,
supercapacitors and solar cells),[6] environmental protectionProf. M. Dragoman, Dr. A. Dinescu
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sors),[7,8] biological applications (e.g., drug
delivery, tissue engineering, implantable
devices, and biosensing).[9] An interesting
application is electromagnetic shielding
where ultra-lightweight aeromaterials
could replace the heavy metals used for
this purpose in many industries, such as
automotive and aerospace ones.[10] For
many applications, pressure sensors
should be robust under strongest acceler-
ations and vibrations, additionally, for
aerospace applications they need to with-stand radiation, aggressive chemicals, and vacuum.
Recently, we have created a new type of aeromaterial, namely
of aero-GaN or aerogalnite,[11] which can be potentially exploited
for the applications mentioned above. GaN has been claimed to
be a “next silicon” because of the extraordinary development of
various applications of this semiconductor compound in high-
frequency devices, power electronics, and optoelectronics.[12]
Moreover, GaN has a large piezoelectric coefﬁcient, useful in
micro- and nano-electromechanical systems[13] and surface-
acoustic-wave sensors,[14] and can be used in biologicaland Engineering
dova
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Figure 1. SEM images of interconnected network of initial ZnO (a),
tubular GaN aero-material (b), and a single GaN hollow micro-tetrapod
(c). The insets in (a) and (b) show the photo images of representative
samples of ZnO and aero-GaN, respectively.
www.advancedsciencenews.com www.pss-rapid.comsensors[15] thanks to its biocompatibility.[16–18] We have extended
these applications demonstrating recently ultra-lightweight
pressure sensors based on graphene aerogels decorated with
nanocrystalline GaN ﬁlms[8] and showing that an ultrathin GaN
membrane with the thickness of 15 nm is acting like a
memristor, analogous to a brain synapse.[19,20]
The aero-GaN could become an attractive nanomaterial for
many applications. In particular, aswill be shown in the following,
it can be used as a pressure sensor up to 40 atm, covering the gas
pressure range encountered in cars, trucks andbus tires, aswell as
the water pressure range in submarines, domestic house boilers,
aswell as aerospace applications. The aero-GaNpressure sensor is
very simple and thus robust, consisting only of aero-GaN, as a
pressure transducer layer, silvermetallic contacts and a battery or a
low-voltage DC source. Figure 1 depicts SEM images of the initial
interconnected network of the ZnO microtetrapod template (a)
and the resultedaero-GaNmaterialafter thesacriﬁcial layerofZnO
has been removed (b) and (c).
The aero-GaN material has been grown by hydride vapor
phase epitaxy (HVPE) on sacriﬁcial templates consisting of
networks of interpenetrating zinc oxide tetrapods (see Figure 1
(a)). The interpenetrated ZnO network was obtained using the
ﬂame transport synthesis approach, as previously described in
ref. [21]. The growth process is performed in a four-temperature-
zone-heated horizontal reactor, metallic gallium, ammonia
(NH3) gas, hydrogen chloride (HCl) gas, and hydrogen (H2)
being used as source materials and carrier gases. In the source
zone, GaCl was formed as a result of chemical reactions between
gaseous HCl and liquid Ga at elevated temperatures. The GaCl
and NH3 gas reacted with each other in the react zone, where at
the beginning the temperature was kept at 600 C for 10min to
initiate nucleation of GaN on the surface of ZnOmicrotetrapods,
and then increased up to 850 C for 20min to produce GaN
layers. In the process of GaN growth, the HCl, NH3, and H2 ﬂow
rates were equal to 15 smlmin1, 600 smlmin1, and 3600 sml
min1, respectively. It is to be noted that at the growth
temperature of 850 C, along with GaN deposition, simulta-
neous gradual decomposition and removal of the underneath
ZnO template occurs. From the SEM image shown in Figure 1, it
follows that the aero-GaN consists of tetrapod-shaped GaN
microtubes arranged randomly, with micrometer-scale length
and wall thickness around 70 nm. The degree of porosity, e of the
GaN aeromaterial exceeds 93%.
The degree of porosity was calculated using the equation
e¼ (1 ρa/ρt) 100%,[22] where ρa is the apparent density of the
aerogel determined by the ratio of total mass (maero-GaN¼ 0.06 g)
to its volume (Vaero-GaN¼ 0.14 cm3) and ρt represents the true
density of the bulk material (ρGaN¼ 6.15 g cm3).
Although the main part of the ZnO template is typically
removed in the process of GaN deposition, some traces of ZnO
survive on the inner surface of the aero-GaN microtubular
structures. According to the statistic EDX analysis in TEMmode,
the amount of Zn remaining on the inner surface of aero-GaN
microtubular structures reaches values as high as 7 at%, and this
amount can be reduced further down to 0.7 at% by subjecting the
aero-GaN samples to a post-growth treatment in hydrogen
atmosphere at 900 C, see ref. [11] for details.
To disclose the presence of ZnO traces and their reduction
during post-growth treatment in hydrogen of aero-GaN,Phys. Status Solidi RRL 2019, 13, 1900012 1900012 (2 of 5) © 2we studied micro-Raman spectra (μRS) and micro-photo-
luminescence (μPL) spectra of aero-GaN samples both before
and after treatment in hydrogen at 900 C. Figure 2a shows
typical Raman spectra taken from GaN tubular structures using
a 488 nm line from Ar ion laser and a Renishaw InVia Raman
system in backscattering geometry. Laser light was focused in a019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 2. a) Micro-Raman scattering spectra of aero-GaN before (black
curve) and after (red curve) treatment in hydrogen; dashed lines indicate
position of Raman peaks in ZnO and GaN. b) Micro UV PL spectra of
aero-GaN before (black curve) and after (red curve) treatment in
hydrogen.
www.advancedsciencenews.com www.pss-rapid.comspot of about 0.6-μm diameter on an individual tubular arm of
the tetrapod. The obtained Raman spectra from individual arms
of tetrapods show two pronounced peaks at around 565 cm1
and 732 cm1, which correspond to the E2(high) and the A1(LO)
phonon modes of the hexagonal GaN compound. These modes
are predominantly observed from (0001) c-plane of the GaN
crystal, while the low frequency shoulder on the E2(high) mode
correspond to the A1(TO) and E1(TO) phonon frequencies,
which are observed from the (1100) or equivalent crystal
planes.[23] A weak Raman peak at 419 cm1 corresponds to the
E1(TO) mode, or mixed quasi E1A1 TO-mode, of the hexagonal
ZnO, which is predominantly observed from the (1100) or
equivalent planes of hexagonal crystal.[24] This is consistent with
the orientation of the original ZnO tetrapods, which grow along
the (0001) c-axis direction of ZnO, while GaN growth is
predominately c-plane oriented. One can also observe a
reduction of the ratio between the strength of GaN and ZnO
modes in the Raman spectra before and after hydrogen etching.
This reduction corresponds to an approximate decrease inPhys. Status Solidi RRL 2019, 13, 1900012 1900012 (3 of 5) © 2thickness of the remaining ZnO layer after the etching by about
3.5–4 times, using ratio between corresponding Raman peak
areas.
Similar results are derived from the photoluminescence
spectra of the aero-GaN tertrapods using a 325-nm line from a
HeCd laser and a NUV Renishaw RM-2000 spectrometer. UV
μPL spectra were obtained at room temperature by focusing
the laser beam on the tetrapod using 40 NUV objective lens
and minimizing incident laser power to avoid any damage due
to localized heating. The resulting PL spectra in
Figure 2b show that aero-GaN tetrapods exhibit primarily
defect related PL bands at around 550–570 nm and 410–
430 nm, with a very weak emission due to band edge related
excitonic peak at around 360 nm.[25] This is consistent with the
large surface area of the aero-GaN architecture and relative
high defect densities in the grown GaN ﬁlm, resulting in the
non-radiative recombination processes and the reduction of
band edge related luminescence. The observed bands around
550 nm, so called “yellow” bands, are typically related to the
gallium vacancy complex point defects in the n-type GaN,
while the “blue” band around 410–440 nm can be attributed to
a donor-acceptor pair (DAP) type emission generated by
unintentional impurity doping during growth.[25] The reduc-
tion of the remaining ZnO layer thickness after the hydrogen
etching is manifested by an almost complete elimination of the
ZnO band edge related emission in the UV μPL spectra
(Figure 2b), usually observed at around 380 nm.[24]
The pressure sensing measurements of the aero-GaN sensor
have been performed on cylindrical samples (r¼ 3mm and
h¼ 5mm), where conductive silver paint was used for electrical
contacts. A representative sample is shown in the inset of the
Figure 1b. The electrical characteristics weremeasured using the
Keithley 4200 SCS equipment with low noise ampliﬁers at
outputs and connected to a pressure tank from Buchiglas. The
aero-GaN sensor is mounted in the pressure tank which is
calibrated to increase the pressure up to 40 atm by pumping pure
nitrogen inside the tank. The measurements are controlled by a
computer, while the temperature is preserved to be that of room
temperature using a temperature monitor control which is
integrated in the pressure tank. A schematic representation of
the measurement setup is presented in Figure 3. From the I–V
dependencies we have extracted the conductance, G, as a
function of the applied pressure, P, as shown in Figure 4(a). The
dependence is nonlinear, the gradient of the conductance
variation with P decreasing with higher values of the latter
parameter. Note that all measurements were made using double
sweep of DC voltage and no hysteresis was observed at various
sweeping rates.
The nonlinear response of the aero-GaN pressure sensor can
then be attributed mostly to the variation of the contact
resistance between tetrapods (i) but also to the variation of their
intrinsic material resistivity with pressure (ii). From the well-
known Hertz contact theory applied in the case of two crossed
cylinders of equal radius (the tetrapod arms),[26] we expect a
scaling between the nominal pressure/applied force P and
contact radius a of the type Pa3. Following the classical
deﬁnition of the conductance G¼ σAL1, with σ conductivity, A
cross sectional area and L length of the sample, since Aa2 we
thus have G(P)σ(P)P2/3PβP2/3, where σ is the intrinsic019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 3. Schematic representation of the measurement process of aero-GaN pressure sensor.
Figure 4. Conductance dependence on pressure: (a) linear and (b)
double-logarithmic plots.
www.advancedsciencenews.com www.pss-rapid.com
Phys. Status Solidi RRL 2019, 13, 1900012 1900012 (4 of 5) © 2conductivity of the material, where the exponent 2/3 is related to
the reduction of the resistance increasing the contact area (i)
whereas the exponent beta is related to the intrinsic piezo-
resistivity of the material (ii). Such a scaling law in the presence
of non-negligible reference values (denoted with subscripts 0)
becomes (GG0)(PP0)2/3þβ. Asmentioned in ref. [27], in an
interconnected hollow-sphere structure, the experimental
results agree with a “contact” (including also the intrinsic
resistivity variation of the material) resistance-pressure depen-
dence of the form Rc/P0.5, suggesting β≌1/6. Accordingly,
the double logarithmic dependence of ΔG/G0¼ [G(P)G0],
where G0¼G(P0¼ 1 atm), on ΔP/P0¼ (PP0)/P0 is expected to
be linear, as clearly emerging from our experiment (R2¼ 0.9995,
coefﬁcient of determination) and as can be seen in Figure 3(b),
with a slope of 0.624 thus suggesting β≌0.043. The
dimensionless sensitivity of the pressure sensor, deﬁned as
S¼ (ΔG/G0)/(ΔP/P0) is thus not constant and varies from
16.2 103 at low pressures (about 5 atm) to 7.4 103 at high
pressures (about 40 atm). According to the derived scaling law,
one could introduce a pressure-independent (thus real constant)
“fractal dimensionless sensitivity” in the form of S ¼ (ΔG/G0)/
(ΔP/P0)
(2/3þ β), that from our experiments is 0.217.
The sensitivity decrease with increasing pressure is expected
since an already compressed aeromaterial requires more
pressure to produce the same response. No hysteresis is
observed on releasing the applied pressure. Although this
response is about 4.5 times lower than that of a graphene-GaN
pressure sensor,[8] the current level is at least 40 times larger
(see Figure 4), which makes the GaN aeromaterial sensor less
sensitive to noise and easier measurable with common,
portable electrical equipment. Besides, the sensitivity of the
aero-GaN pressure sensor is by one order of magnitude higher
than the one based on a suspended membranes.[28]
In order to investigate the temporal stability of the pressure
sensor, we have applied a constant bias of 3.2 V, and observed
the current over a period of about 70 s. The results, shown in
Figure 5, reveal that, after an interval of about 10 s, the response
reaches a constant plateau level. In the initial interval of 10 s,
rearrangements of the random structure take place, this time
interval being comparable to that required by the graphene-
GaN hybrid structures[8] to attain a stable state.019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 5. Time dependence of current for different applied pressures.
1 – 1 atm; 2 – 6 atm; 3 – 11 atm; 4 – 16 atm; 5 – 21 atm; 6 – 26 atm; 7 –
31 atm; 8 – 36 atm; 9 – 41 atm.
www.advancedsciencenews.com www.pss-rapid.comIn conclusion, an ultra-lightweight pressure sensor based on
aero-GaN is demonstrated. Its nondimensional sensitivity varies
from 16.2 103 at low pressure (5 atm) to 7.4 103 at high
pressure (40 atm). This level of sensitivity in conjunction with
currents as high as tens of milliamperesmakes GaN aeromaterial
feasible for exploitation in portable electrical equipment. Due to
the simple and robust setup, the sensor is ideal for various
challenging conditions as in aerospace applications.Acknowledgements
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